This study assessed the occurrence and distribution of tropane alkaloids and calystegines in genera of the family Solanaceae to identify patterns of distribution and make evolutionary inferences. A database of tropane alkaloids and calystegines occurrences was constructed from the results of a search of scientific websites and a hand search of periodicals. The terms "Solanaceae", "tropane alkaloids", and "calystegines" were used as index terms for a full-text article search unrestricted by date of publications. The number of occurrence and chemical diversity indices were calculated and cluster analysis and principal components analysis were performed. Overall, 996 occurrences were reported, 879 of tropane alkaloids (88.3%) and 117 of calystegines (11.7%). The calystegines were significantly more relevant than tropane alkaloids for characterization of distinct groups of genera on both analyses performed here. This corroborates the trend toward a chemical dichotomy observed on database analysis and somewhat reinforces the correlation between geographic distribution and occurrence of secondary metabolites, as the presence of calystegines alone (without tropane alkaloids) was only reported in genera that have South America as their center of diversity.
Solanaceae Juss. is one of the largest and most important families of flowering plants, and major crop plants species such as Solanum tuberosum L., Solanum lycopersicum L., Solanum melongena L., and Capsicum annum L. belong to this taxa. Several species of pharmaceutical interest due to their secondary metabolites (i.e. Atropa belladonna L., Hyoscyamus niger L., and Datura stramonium L.), species of economic relevance (i.e. Nicotiana tabacum L.) and toxic species (i.e. Nicotiana glauca Graham) are also classified in this cosmopolitan family. The greatest species diversity of Solanaceae is observed in the Americas (Olmstead et al. 2008) and according to Hunziker (2001) the center of diversity of this taxa is in South America.
The first systematic classification of the Solanaceae was proposed by Dunal in the mid-19 th century and consisted of a division of the 61 genera
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2 ALINE G.S. PIGATTO, CAROLINA C. BLANCO, LILIAN A. MENTz and GERALDO L.G. SOARES known at the time, into two tribes. Two decades later, in 1873, Bentham and Hooker proposed a new division of 67 genera into five tribes. In the late 19 th century, Wettstein was the first to divide the Solanaceae into subfamilies: the Solanoideae and Cestroideae, comprising three and two tribes respectively. Two additional classifications were proposed in the 20 th century. In 1979 and 1991, D'Arcy added the Nolanoideae subfamily to the two subfamilies proposed before. In 1987, Tétényi proposed a classification based on chemical characteristics, dividing the family into three subfamilies based on the occurrence of alkaloids and steroids. The author stressed that the validity of the chemical pattern is based on the biosynthetic pathways of these substances, rather than on their isolated occurrences. Two proposed classifications are currently accepted. The first, proposed by Hunziker (2001) and based on morphological and chemical criteria, comprises approximately 2300 species in 92 genera distributed across the subfamilies Solanoideae, Cestroideae, Juanulloideae, Salpiglossoideae, Schizanthoideae, and Anthocercidoideae. The second, a more recent proposal, was presented by Olmstead et al. (2008) in a molecular study conducted on a sample of 89 genera and 190 species. The authors proposed seven subfamilies: Solanoideae, Cestroideae, Nicotianoideae, Petunioideae, Schizanthoideae, Goetzeoideae, and Schwenckioideae. Both proposals agree that Solanoideae is the most derived subfamily in relation to the Cestroideae.
The wealth of information available on the secondary metabolites produced by Solanaceae species may be used to elucidate taxonomic issues at the subspecies, species, or even genus level. Alkaloids and steroid derivatives (including steroidal alkaloids) are known to be the main secondary metabolite classes in the Solanaceae. Among the nitrogen-containing secondary metabolites, the tropane alkaloids (TAs) and calystegines (CAs) exhibit a pattern of distribution and frequency of occurrence that establish them as chemotaxonomic markers in the Solanaceae (Schimming et al. 1998 , Hunziker 2001 , Griffin and Lin 2000 .
TAs are among the earliest active pharmaceutical ingredients used by man: the first scientific studies of a TA -namely atropine, isolated from Atropa belladonna L. -were published in 1809 (Eich 2008). The broad pharmacological effect profile of this class of compounds includes mydriatic, antiemetic, antispasmodic, and bronchodilator activity (Grynkiewicz and Gadzikowska 2008) . The calystegines, in turn, were only discovered in the 1980s, when a group of French researchers isolated calystegine A 3 , B 1 , and B 2 from the roots of Calystegia sepium R.Br. (Convolvulaceae) (Tepfer et al. 1988) . Research interest in the CAs is on the rise, particularly in view of their potential antiviral, anticancer, and antidiabetic effects (Dräger 2004) .
The TAs and CAs are ornithine-derived alkaloids and share the bicyclic tropane skeleton (8-methyl-8-azabicyclo[3.2.1]octane). The tropane ring consists of a pyrrolidine and a piperidine ring, fused to form a bridged bicyclic structure. Hydroxyl substitution of tropane at the C3 position yields one of two stereoisomers -tropine or pseudotropinedepending on the orientation (α or β) of the hydroxyl group (Bacchi 2002) . Tropane alkaloids with a 3α-hydroxyl substituent are divided into several different groups according to their structural type (Eich 2008), including esters of 3α-hydroxytropane with aliphatic acids, esters of 3α,6β-or 3α,7β-dihydroxytropane, esters of 3α-hydroxytropane with phenylpropanoid acids, and esters of 6β,7β-epoxy-3α-hydroxytropane with S-(-)-tropic acid. Conversely, the 3β-hydroxyl-substituted tropane alkaloids constitute a rather small group of compounds, including 3β-acetoxytropane and 3β-tigloyloxytropane. It bears stressing that the biosynthetic pathway that leads to the formation of these compounds also leads to the formation of CAs, which are nonesterified polyhydroxylated nortropane alkaloids whose structure consists solely of the tropane ring and a varying number of hydroxyl substituents (three, four, or five) (Dräger 2004) .
It is believed that elucidation of the pattern of TA and CA distribution in the Solanaceae may aid in the understanding of the subdivisions of this family and its geographic distribution patterns. Within this context, the present study sought to construct a database of the occurrences of TAs and CAs in Solanaceae species and ascertain whether the patterns of distribution of these compounds corroborate the phylogenetic classification proposed by Olmstead et al. (2008) and are associated with geographic distribution. Furthermore, evolutionary inferences shall be made whenever possible.
MATeriAlS And MeThodS

Database
A database containing information on the occurrence of TAs and CAs in Solanaceae was constructed using the method proposed by Gottlieb (1996) and updated by Santos et al. (2010) . A widerange review of the literature was carried out by means of a search of online databases (ISI Web of Science and Chemical Abstracts) and a hand search of relevant journals. The keywords "Solanaceae", "tropane alkaloids", and "calystegines" were used as search terms. The full text of all articles was analyzed, and the search was unfiltered by date of publication. The Lounasmaa and Tamminen (1993) review was used as a basis for pre-1992 research.
Occurrences were tabulated by structural class. TAs were defined as esters of 3α-hydroxytropane with aliphatic acids, esters of 3α,6β-or 3α,7β-dihydroxytropane, esters of 3α,6β-or 3α,7β-trihydroxytropane, esters of 3α-hydroxytropane with arylpropionic acids, esters of 6β,7β-epoxy-3α-hydroxytropane, esters of 3β-hydroxytropane, and their rare dimeric and trimeric forms. The CAs of interest were trihydroxynortropanes, tetrahydroxynortropanes and pentahydroxynortropanes.
Number of occurreNces (NO) aND Diversity iNDex (DI) The NO and the DI were calculated as reported by Santos et al. (2010) . The NO was defined as the sum of all TA and CA structural types found in each of the studied species. The number of occurrences is an indicator of the degree of importance of a certain category of metabolites within a given taxon (Gottlieb et al. 1996) thus providing a snapshot of the trend toward production of these compounds.
The DI, a rate that expresses the frequency of distribution of a biosynthetic class (Silva 1988) , was obtained by multiplying the NO by the number of structural types and dividing the result by the number of species studied. The NO and DI were calculated first for the sampled genera and then for the tribes as proposed in the Olmstead et al. (2008) classification, and, finally, plotted onto the Solanaceae phylogeny proposed by the same author. These indexes were also plotted onto the Solanaceae phylogeny proposed by the same author.
GeoGraphic DistributioN
Data on the core center of diversity for TA-and/ or CA-producing Solanaceae genera were obtained from Hunziker (2001) . Genera were organized jointly by geographic distribution and division into subfamilies, according to the classification scheme proposed by Olmstead et al. (2008) . Depending on their centers of diversity, genera were categorized as cosmopolitan, South American, North American, Eurasian, Asian, and Oceanic.
statistical aNalyses
Cluster analysis and principal components analysis (PCA) were carried out in the MULTIV v.2.90b software environment (Pillar 2011). For cluster analysis, we assessed the dissimilarity between genera (sampling units) in terms of the most The occurrence of TAs and CAs in 29 genera of Solanaceae is shown in Table I . The total number of occurrences was 996, 879 instances of TAs (88.3%) and 117 of CAs (11.7%). TAs were found in 24 genera, with Anthocercis Labill., Brugmansia Pers., Datura L., Hyoscyamus L., and Solandra Swartz accounting for 65.4% of occurrences. CAs were found in 14 genera, with Hyoscyamus L., Lycium L., Solanum L., Physalis L., and Scopolia Jacq. accounting for 62.6% of occurrences. We identified occurrences of 107 compounds in the TA class. The esters of 3α,6β-or 3α,7β-dihydroxytropane (group TA2 in Table I ) were the most diverse group (29 compounds), whereas esters of 3α-hydroxytropane with phenylpropanoid acids (group TA4 in Table I ), comprising 16 different compounds, were the most commonly occurring group (261 occurrences). Compounds in this group, particularly hyoscyamine and atropine, were found in 70 species of 17 genera. Scopolamine, an ester of 6β,7β-epoxy-3α-hydroxytropane (group TA5 in Table I ), was also quite common, with 80 occurrences in 18 genera.
Overall, 17 CAs were identified: five trihydroxynortropanes, nine tetrahydroxy nortropanes, and three pentahydroxynortropanes. Table I shows a broad range of frequencies of occurrence of TAs and CAs among the various Solanaceae genera: some had extremely high frequencies of occurrence, such as Datura L., Brugmansia Pers., Hyoscyamus L., and Anthocercis Labill., with 246, 95, 91, and 84 occurrences of TAs respectively, whereas other genera had very low frequencies, such as Nicandra Adans. and Capsicum L. (with only two and three occurrences of CAs, respectively).
It is noteworthy that the widespread use and medicinal relevance of some species have prompted more in-depth studies of these species, which in turn leads to isolation and knowledge of a greater number of active metabolites. Examples include Datura stramonium L., which is one of the most widely studied plant species from a phytochemical standpoint (Berkov et al. 2005) and from which more than 60 different TAs have been isolated (Bazaoui et al. 2011) . In an attempt to mitigate any discrepancies brought about by calculation of the number of occurrences alone, we calculated the diversity index of ornithine-derived alkaloids (TAs and CAs) ( Table I ). This index expresses the frequency of occurrence of a biosynthetic class (Silva et al. 1988 ) and, unlike the number of occurrence, takes into account the number of species studied, thus somewhat obviating the bias caused by the lack of standardization of the frequency of occurrence. However, the DI must still be interpreted with caution, as it may reflect aspects not directly related to chemical diversity. two genera. However, in this particular case, the DI also reflects the research effort put into these two genera, both of which are relevant sources of important pharmacologically active substances. The DI of the subfamily Nicotianoideae, represented in this study by the tribe Anthocercideae, can also be called in question. Analysis of the frequency of TA occurrence shows a broad range of values: from eight occurrences of TAs each in the Grammosolen and Symonanthus genera, to 84 occurrences in the Anthocercis genus (Table  I) . However, analysis of the DI yielded values of 32 and 56, respectively, which demonstrates the importance of this index.
The diversity index of CAs observed in this tribe -18 -also merits analysis. Although this value represents the DI for the tribe as a whole, it only concerns the genus Duboisia, the only one of the seven Anthocercideae genera in which CAs were detected.
Another important aspect that merits discussion is the trend toward correlation between TA and/or CA synthesis pathways and the centers of diversity of each genus. Overall, the broader the latitudinal range of a cluster (with South America as the starting point), the greater is the diversity of secondary metabolite classes. Therefore, South American genera preferably produce CAs alone or CAs and TAs. South American genera with a more restricted range, such as Nicandra and Capsicum produce CAs alone. Brunfelsia, a genus from South and Central America, also contain CAs alone. Conversely, species of Datura, a genus from Central and North America, contain TAs and CAs alike.
Eurasian genera also exhibit production of TAs and CAs alike, just as Datura, whereas exclusively Asian genera product TAs alone, as do all Oceanic genera analyzed, other than Duboisia.
The genera Schizanthus and Withania did not follow the trends toward TA and CA occurrence found in other genera with a similar geographic distribution. However, it should be noted that these two genera are distributed over more restricted ranges. Schizanthus is endemic to the region of Chile, whereas Withania is an Old World genus, found mostly by the Mediterranean.
Based on our comparison of the patterns of occurrence of these ornithine-derived alkaloids and the phylogenetic scheme proposed by Olmstead et al. (2008), we may suggest that the TA synthesis pathway is more basal than the CA pathway, as the occurrence of tropane alkaloids has been reported from the most basal genus of the Solanaceae, Schizanthus, to the most derived Solanoideae genera. Conversely, in the Solanoideae family, and particularly in the Solaneae tribe, which is considered to be more derived, only calystegines were detected.
Chemical data can contribute to the elucidation of relationships among genera and two examples were observed during the course of this study: Nicandra and Latua, both of which are monotypic genera with a highly restricted range. The former is native to South America, most specifically from the Peruvian Andes to Argentina, and the latter is endemic to Southern Chile.
In the phylogeny proposed by Olmstead et al. (2008) , Nicandra is placed into an as-yet unresolved branch, near genera that mainly produce TAs of different structural classes. However, as other South American genera, Nicandra has only been reported to contain CAs. According to D'Arcy (1979) the Nicandra genus is related to Solanum and Physalis, two genera remarkable for their frequency of CA occurrence and that are located on more derived branches of the Olmstead phylogeny.
According to Olmstead et al. (2008) the genus Latua was moved to the subfamily Solanoideae, more specifically to the Atropina clade, which is consistent with the chemical data reported for this genus. The earliest classifications proposed for the Solanaceae included Latua in the tribe Solaneae. The classification proposed by Tétényi (1987) postulated that this genus should be moved to the Jaboroseae tribe of the Solanoideae subfamily, due to the presence of tropane alkaloids, among other characteristics. In the Olmstead phylogeny, the genus Jaborosa lies close to Latua, supporting these previous findings.
cluster aNalysis aND priNcipal compoNeNts aNalysis On qualitative analysis of the database, we noticed a clear trend toward a correlation between the geographic distribution of genera and the joint distribution of TAs and CAs. To corroborate these potential patterns, we conducted multivariate analysis, that is, exploratory analysis that provides summary insight into the complexity of the observed information so as to enable visualization and ratification of suggested patterns (Valentin 2000) .
We also tested the significance of the patterns observed on multivariate analysis by means of the bootstrap method, which enables testing of group sharpness in cluster analysis and assessment of the significance of principal components in PCA (Pillar 1999).
Cluster analysis suggested the formation of two distinct groups of genera (P (G°≤G*) = 0.381 -probability after bootstrap resampling with 10,000 iterations; Pillar 1999) in terms of the most frequently occurring TAs and CAs (Fig. 1) .
Group A comprises the New World genera Brunfelsia, Lycium, Solanum, Nicandra, Capsicum, Physalis, and Nierembergia and the Eurasian genus Withania. All are in the subfamily Solanoideae, except for Nierembergia, which is in the subfamily Petunioideae. Solanum and Lycium, despite their cosmopolitan distribution, have America - Figure 1 -Dendrogram generated by Cluster Analysis (Ward's method) of 29 species in relation to tropane alkaloids and calistegines, indicating the formation of two cluster (a and b) (P (G°≤G*) = 0.05 -bootstrap probability estimated by 10.000 replicates. The similarity measure used was Euclidean distance.
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ALINE G.S. PIGATTO, CAROLINA C. BLANCO, LILIAN A. MENTz and GERALDO L.G. SOARES particularly South America for the genus Solanum -as their center of diversity and the center of their range. The genera Capsicum, Lycium, Nicandra and Solanum have in common the exclusive presence of CAs, whereas species in the genera Nierembergia, Physalis and Withania also produce TAs of the type TA1 and TA6 (Table I) . It is noteworthy that CAs were isolated from species of the subfamilies Petunioideae, Nicotianoideae, and Solanoideae. Furthermore, the greatest frequency of occurrence was found in the more derived genera, which tend to specialize in the production of these compounds.
Group B shows evidence of three distinct clusters: B1 comprises the Eurasian genera of the Solanoideae subfamily -Scopolia, Mandragora, Hyoscyamus and Atropa -and the Australian genus Duboisia, of the family Nicotianoideae. Cluster B2 comprises the Solanoideae genera Solandra, Salpichroa and Latua (South American), the genus Atropanthe (exclusively Asian), and the Australian genera Anthotroche and Crenidium, of the Nicotianoideae.
In cluster B3, Schizanthus (Schizanthoideae) lies relatively far from the remaining genera, probably due to the occurrence of dimeric and trimeric forms of the compounds of interest, which are exclusive to this genus; Symonanthus belongs to the subfamily Nicotianoideae, whereas Datura and Brugmansia belong to the Solanoideae. This cluster also includes the Australian genera of the Nicotianoideae subfamily, Anthocercis, Physochlaina, Gramnosolen and Cyphanthera, and the Asian genera of the Solanoideae, Anisodus and Przewalskia.
The use and interpretation of data on secondary metabolites to elucidate taxonomic issues is beset by two major challenges. The first is the construction of a reliable database; the second is the use of statistical methods that can prove and validate data (Alvarenga et al. 2001) .
Indeed, statistical analysis has been used in previous chemotaxonomy studies as a valuable tool for analysis of the correlation between chemical and taxonomic data; such studies include Depege et al. (2006) , Alvarenga et al. (2001) and Halinski et al. (2011) . In the present study, multivariate analysis at least partly elucidated correlations between the occurrence of secondary metabolites and taxonomic and phytogeographical aspects.
The diagram generated by PCA (Fig. 2 ) represents 57.8% of total variation and shows that the pattern of occurrence of two sharply distinct groups of genera (defined by the first principal component -axis 1) correlates highly with the presence of CAs (represented by number 8) (r = -0.93) (Group A) and esters of 6β,7β-epoxy-3α-hydroxytropane (represented by number 5) (r = 0.73) (Group B). Furthermore, within Group B, there was a clear trend toward the formation of two subgroups (defined by the second principal component -axis 2) with respect to the presence of 3α,6β,7β-trihydroxytropanes (represented by number 3) and esters of 3α-hydroxytropane with phenylpropanoid acids (represented by number 4), with r = -0.56 and r = 0.56, respectively.
Several authors have provided evidence of the importance of TAs as chemotaxonomic markers for the Solanaceae (Hunziker 2001 , Griffin 2000 , the Datureae tribe (Doncheva et al. 2006) , the genus Schizanthus (Eich 2008), and the Convolvulaceae genus Merremia Dennst. ex Endl. (Jenett-Siems et al. 2005) . Likewise, the CAs have been described as chemotaxonomic markers in the Convolvulaceae and Solanaceae (Schimming et al. 1998) .
Analysis of the frequency of occurrence of TAs and CAs may ratify the hypothesis that these compounds are good chemotaxonomic markers for the Solanaceae. On the other hand, we could not ascertain the applicability of these markers for subdivisions of the family, as the groups defined by cluster analysis (Fig. 1) do not reflect any current taxonomical classification of the Solanaceae, including those proposed by Hunziker (2001) and Olmstead et al. (2008) , although some trends toward distribution of these compounds can be observed, as noted in Database, Number of Occurrences and Diversity Index.
In a 2003 study designed to reconstruct phylogenies and map and interpret the distribution of secondary metabolites, including TAs in the Solanaceae, Wink (2003) found that TAs are produced in a number of apparently unrelated taxa, and that the occurrence of these compounds does not represent a consistent characteristic, thus isolated use of this criterion might lead to misguided clustering. Wink (2003) argues that different biosynthetic pathways for these compounds evolved independently and that their occurrence in unrelated taxa may be regarded as a result of convergent evolution.
In the present study, we sought to carry out a joint analysis of TAs and CAs to ascertain the extent to which these compounds contribute to the chemotaxonomy of the Solanaceae. We found that the CAs were significantly more relevant as a variable for characterization of groups of genera, as shown both by cluster analysis and principal components analysis ( Fig. 1 and Fig. 2 ). This is consistent with the trend toward a chemical dichotomy observed during data analysis, and reinforces, to a certain extent, the association between geographic distribution and occurrence of chemical compounds, since CAs were found to occur only in genera whose center of diversity was South America. Este estudo analisou a ocorrência e a distribuição de alcaloides tropânicos e calisteginas em gêneros da família Solanaceae com o objetivo de identificar padrões de distribuição e fazer inferências evolutivas. Um banco de dados com ocorrências de alcaloides tropânicos e calisteginas foi elaborado a partir dos resultados de um levantamento em websites científicos e pela consulta direta em periódicos. Os termos "Solanaceae", "alcaloides tropânicos" e "calisteginas" foram utilizados como indexadores para a busca de artigos na íntegra, sem restrição na data das publicações. O número de ocorrências e o índice de diversidade química foram calculados e análises de agrupamentos e de componentes principais foram realizadas. Um total de 996 ocorrências foi registrado, 879 de alcaloides tropânicos (88,3%) e 117 de calisteginas (11,7%). As calisteginas foram significativamente mais relevantes que os alcaloides tropânicos para a caracterização de distintos grupos de gêneros em ambas as análises realizadas. Isso corrobora a tendência de dicotomia química observada na análise do banco de dados, além de reforçar, de certa forma, a correlação entre a distribuição geográfica e a ocorrência de metabólitos secundários, visto que a presença exclusiva das calisteginas (sem alcaloides tropânicos) ocorre somente em gêneros cujo principal centro de diversidade é a América do Sul.
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